Abstract-The chromatic dispersion observed in a graded-index multimode optical fiber is a function of the radial position of the launched light. When a graded-index multimode optical fiber is overfilled spatially and angularly, the chromatic dispersion observed is an average (composite) chromatic dispersion over all of the possible launches. Under certain assumptions, the relationship between the chromatic dispersion observed for the overfilled fiber and the chromatic dispersion of any restrictive launch can be determined. This relationship can be used to predict the composite graded-index multimode optical fiber chromatic dispersion from the measurement of the chromatic dispersion of a single simplified launch, such as a single-mode fiber launch. Preliminary experimental results confirm this approach.
I. INTRODUCTION HE measurement of the composite chromatic dispersion
T of a graded-index multimode optical fiber is nontrivial.
The chromatic dispersion of a graded-index multimode fiber is defined as the composite chromatic dispersion observed using a light source that uniformly overfills the fiber [l] . The use of the uniformly overfilled launch, however, introduces modal distortion into the test signal. Setting up uniform overfill light launch conditions and removing the effects of modal distortion from the data is difficult. Moreover, the results obtained from the measurement generally are not as precise as those for single-mode fiber because of modal distortion.
One solution to this problem is to define a chromatic dispersion measurement condition for the multimode optical fiber which is easy to implement, highly repeatable, and which can be easily correlated to the composite optical fiber chromatic dispersion. A simplified launch condition for the measurement is an extremely low-order mode launch in which only a few modes of the multimode optical fiber are excited. A low-order launch can be initiated in the graded-index multimode optical fiber using a single-mode optical fiber as the light source. In this paper, the relationship between the chromatic dispersion for an extremely low-order launch and the composite chromatic dispersion of the optical fiber is investigated. position in the fiber, can be determined from the index of refraction of the glass composition at that position. If the index of refraction as a function of wavelength X is given by a 3-term Sellmeier equation (1) where A , B , and C are constants for a particular glass composition, the dispersion D and the dispersion slope, S are then
where c is the speed of light in vacuum. From (2) and (3), the zero-dispersion wavelength A, and the dispersion slope at the zero-dispersion wavelength So can be shown to be
If two glasses are nearly identical but differ slightly in the concentrations of some dopant, we can assume that the functional dependence of the index of refraction with wavelength is nearly identical for the two materials. However, the wavelength-independent portion of the index of refraction is changed by an amount SB and wavelengths in the lower index of refraction material are mapped to higher wavelengths in the higher index of refraction material by an amount 6X.
If this is applied to a graded-index multimode fiber and the index of refraction at the center of the fiber is given by (l), then the index of refraction at any radial position, n,(X), is given by
LOCAL CHROMATIC DISPERSION
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where A,, Bo, and CO are the Sellmeier coefficients for the glass at the center of the fiber, and SB, and SA, are adjustments to B and X for the radial position T.
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As long as SA, << A and the wavelengths of interest are within a small range around some center wavelength, then
and the correction terms are approximately independent of wavelength. If the wavelengths of interest range around A = A, , the zero-dispersion wavelength A , , and the dispersion slope at the zero-dispersion wavelength So, at each radial position can be expressed as -8A(1+ 6 , ) '
where A,, and So, are defined at the center of the fiber, and the other terms are defined as before. 6, is found by investigating the function
( 1 1) n, is given by (61, N A is the fiber numerical aperture, and f ( r ) is defined from the fiber's refractive index profile ( R I P )
where at the center of the fiber . , ( A)
where nc is the index of refraction of the fiber cladding material. If the expressions for no and n, are substituted into (9), and 6, is assumed to be much less than 1, 6, can be expressed as
where the variables are defined as before.
SB, varies from a minimum value of zero at the center of the fiber to a maximum value of SB, at the fiber corecladding interface. To the first order, it is expected that SB, would behave similarly to 6n = no -n,. The variation of Sn with respect to r is approximately given by (14) 6n = (no -n c ) f ( r ) so that SB, = SB,f(r).
Substituting for SB, in (13) then leads to From (7) 6, is given by SA,/A so 6, can be most simply expressed as If the cladding material is pure silica and the R I P is approximately parabolic, the zero-dispersion wavelength of the cladding material is approximately 1273 nm, and f (r) is given by f(r) = (f)ll where a is the fiber core radius and g is the profile parameter. The zero-dispersion wavelength and the dispersion slope at the zero-dispersion wavelength at any radial position r are then given by where all wavelengths are expressed in nanometers.
COMFQSITE CHROMATIC DISPERSION
To find the composite A, and So of a uniformly overfilled multimode optical fiber, the local chromatic dispersion at each radial position is weighted by the fraction of the total power carried at that radial position. The composites A, and So are calculated from which, when evaluated, become A, =A, ,
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N. RESULTS
The chromatic dispersions of three multimode graded-index fibers were measured. Fibers 1 and 2 were measured by Corning, Inc. and the Naval Surface Warfare Center, and fiber 3 was measured entirely by York Technology, Inc. [2] . Each fiber was measured using both a uniform overfill launch and a restricted launch implemented with a single-mode fiber. The values obtained using the single-mode launch were used in (23) and (24) to obtain estimations of the total multimode fiber chromatic dispersion. The results are summarized in Table I .
V. CONCLUSIONS
The preliminary results show excellent correlation between the composite chromatic dispersion (including zero-dispersion wavelength and dispersion slope) calculated from a singlemode fiber launch and that measured directly using overfill launch conditions. Therefore, the composite chromatic dis-REFERENCES persion of a graded-index multimode optical fiber can be calculated from Chromatic dispersion measurements at the center of the multimode fiber. Since the chromatic dispersion measurement at he center of a graded-index multimode optical fiber can be implemented using a single-mode fiber launch, graded-index multimode optical fiber chromatic dispersion measurements can be taken without the effects of modal distortion.
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